The multiplicity of chemical structures of sulfur containing compounds, influenced in part by the element's several oxidation states, directly results in diverse modes of action for sulfur-containing natural products synthesized as secondary metabolites in plants. Sulfur-containing natural products constitute a formidable wall of defence against a wide range of pathogens and pests. Steady progress in the development of new technologies have advanced research in this area, helping to uncover the role of such important plant defence molecules like endogenously-released elemental sulphur, but also deepening current understanding of other better-studied compounds like the glucosinolates. As studies continue in this area, it is becoming increasingly evident that sulfur and sulfur compounds play far more important roles in plant defence than perhaps previously suspected.
Introduction
Approximately one-third of all registered pesticides used in agriculture contain at least one sulfur atom [1] . This is hardly surprising given the long history behind the use of sulfur in crop protection strategies. For instance, about 2800 years ago, Homer made reference to 'pest-averting sulphur…' [2] , and elemental sulfur is widely acclaimed as the world's oldest pesticide [3] . Conversely, in relative obscurity to the popular use of sulfur as an externally-applied crop protectant, but of no lesser importance is the role of sulfur and sulfur containing secondary metabolites in plants' active defence against various pathogens and pests. Diverse in biosynthetic pathway, structure, defence action and taxonomic distribution, these metabolites constitute a formidable endogenous wall of defence against invading pathogens, pests and herbivores. Because these compounds mainly function as either phytoanticipins or phytoalexins [4] in defending plants against various classes of pathogens and pests, we have adopted this classification for the purpose of this work. Although they have always played a key role in plant defence and hence in food security, it was only with recent advances in molecular technology and techniques that their in-depth studies have been possible [5] . We therefore present in this review information on investigations carried out using these compounds.
Phytoanticipins
Phytoanticipins are antimicrobial compounds involved in plant defence which are already in place before any external attack by pathogens, or which are synthesized immediately from inactive precursors already present in the plants with no expenditure of energy. They therefore anticipate the attack and are adequately equipped by nature to ward off such challenges by microorganisms and pests. In recent years, the thiosulfinate allicin from garlic has become an increasingly important example of such a "…low molecular weight, antimicrobial compound …present in plants before challenge by microorganisms, or produced after infection solely from pre-existing constituents" [6] .
A. Allicin from garlic
Allicin (diallylthiosulfinate) is the volatile, organosulfur, prooxidant compound immediately produced following the disruption of garlic (Allium sativum L., Amaryllidaceae) tissues. Allicin is formed when the crushing, piercing, or wounding of garlic facilitates the interaction of the previously cytosol-held substrate alliin (S-allyl-L-cysteine sulfoxide) and the now equally-liberated vacuolar enzyme, alliinase (EC. 4 Allicin has been demonstrated to employ a thiol-disulfide exchange mechanism (Scheme II) in inactivating several enzymes containing sulfhydryl groups in vitro. This mechanism has also been variously proposed as the basis of its biocidal action in vivo [7] [8] [9] . Also central to allicin's potency against microbes is its ability to readily permeate cellular phospholipid membranes. Allicin easily and rapidly traverses the cell's lipid bilayer, and its reaction rate with intracellular low and high molecular weight thiols following membrane permeation remains unchanged [10] .
Recently, an additional component of the biocidal mechanism for allicin in yeast was proposed. Since allicin is a redox-active molecule and easily penetrates the cell's lipid bilayer [10] , Gruhlke et al., [11] proposed that it could also have a dramatic influence on the cell's overall redox status in addition to its direct thiol-disulfide exchange reactions with specific SH-groups in essential enzymes and proteins. Using the model organism S. cerevisiae, the authors demonstrated that at threshold inhibitory concentrations, allicin is able to alter the overall intracellular redox potential and activate apoptosis in yeast cells by altering the concentration and oxidation status of the intracellular redox buffer, glutathione. Although there 
C. Lachrymatory factor (LF) from onion
The tear-inducing lachrymatory factor, LF, from freshly-chopped onion (Allium cepa) is a classical example of a herbivore-induced plant volatile (HIPV) [24] . The LF from onion was isolated and identified in 1960 as thiopropanal S-oxide (propanthial-S-oxide), a volatile sulfine [25] . In contrast to garlic's allicin, the LF of onion exhibits a very weak antimicrobial activity. As a lachrymator, it is thought that LF possibly deters herbivores from attacking onion plants, but there are no data to support this. It will, therefore, be useful to further investigate this possibility. Scheme IV: In this two-step reaction detailing the production of the onion lachrymatory factor, first put forward by Imai et al [27] , 1-propenyl-L-cysteine sulfoxide (PRENCSO) is enzymatically converted in the first step to 1-propenylsulfenic acid by alliinase with the concomitant release of pyruvic acid and ammonia. In the second step, LF synthase (LFS) reacts with 1-propenylsulfenic acid to give LF while spontaneous condensation of some 1-propenylsulphenic acid molecules leads to the production of thiosulfinate, the substance responsible for onion's piquant flavour.
LF is yet to be found in any other plant, although Block et al. [26] have reported the production of a volatile lachrymatory compound following the disruption of tissues in the decorative plant Allium siculum (Ucria) Lindl. (Amaryllidaceae). Notwithstanding the fact that the production of this compound parallels that of allicin in garlic in the sense that (a) LF is only produced after the wounding of onion tissues; (b) alliinase plays an important catalytic role; and (c) ammonia and pyruvate are given off as by-products, LF is not produced in garlic [27] .
D. Glucosinolates and isothiocyanates
Glucosinolates are precursors of isothiocyanates and make up an important part of chemical defence against pathogens and pests in members of the economically important Brassicaceae [28, 29] . These components give the condiment mustard its pungency and are responsible for the smell and taste of different cabbage varieties. Myrosinase (E.C. 3.2.3.1.), the enzyme responsible for conversion of glucosinolate to the unstable aglycone, is localized in specific cells, called "myrosin cells", which are ideoblastic phloem parenchyma cells, whereas the glucosinolate substrates are stored in vacuoles [31, 32] . This defines a "two-component system" with separation regarding both the tissue-and subcellular compartmentalization. The aglycone thio-hydroximate sulfonate" reacts spontaneously, depending on pH and the nature of the substrate, either to isothiocyanate-(ITCs) or nitrile compounds.
Apart from the Brassicaceae, 16 other plant families contain glucosinolates, the greatest diversity being found in the Capparaceae, Resedaceae and Tovariaceae, in the order Brassicales [33] . Interestingly, isothiocyanates from the liverwort Corsinia coriandrina (Spreng.) Lind. (Corsiniaceae) have been shown to contribute to its resistance against pathogens and herbivores [34] .
Fungal resistance against glucosinolates might either be mediated by an ABC-transporter-mediated efflux of the toxic compounds (after glucosinolate treatment, the expression of an ABC-transporter is up-regulated in A. brassicicola [35] ) or by derivatization related to detoxification [36, 37] . For Pseudomonas spp., the SAX-genes (survival in Arabidopsis extracts) enable the bacteria to survive isothiocyanate-based chemical defence and to break nonhostresistance [38] .
The toxicity of glucosinolates is mostly due to their breakdown products, with isothiocyanates (ITCs) leading the way. The fungicidal activity of ITCs was shown against many different species of fungi and with several ITC-compounds. Nevertheless, little is understood regarding the mechanism of toxicity [36, 39] . Most likely, the toxicity is related to the capacity of ITCs to react both with thiol-and amino groups of proteins [40] .
Although glucosinolates are involved in plant defence against herbivores, some insects have adapted to glucosinolate-containing plants for feeding or oviposition as an ecological niche [39, 41, 42] .These herbivores have generally evolved mechanisms to Sulfur and sulfur compounds in plant defence Natural Product Communications Vol. 7 (3) 2012 397 detoxify or to avoid the poisonous effects of glucosinolate breakdown products. Thus, the cabbage white butterfly, Pieris rapae, secretes a protein during digestion which redirects the myrosinase-catalyzed hydrolysis of glucosinolates towards nitrile products instead of ITCs. The nitriles are excreted in the feces [43] .
E. Thiophenes in Asteraceae
In the family Asteraceae the heterocyclic aromatic sulfur compounds called thiophenes (C 4 H 4 S) are important phytoanticipins that are commonly known to be associated with defence against insects and nematodes [34, 44, 45] . Furthermore, in vitro studies showed antifungal and antibacterial effects of thiophenes [46, 47] . Important for the biological activity of thiophenes is their photosensitizing nature leading to phototoxicity via the formation of highly reactive singlet oxygen [48, 49] .
F. Polysulfanes
Certain plants, including garlic, onion, shiitake mushroom, durian fruit and Petiveria alliacea [50] , contain polysulfanes, a diverse group of compounds often incorrectly called polysulfides [51] , which have the general chemical formula RS x R, where x ≥3 and R≠H [52] . Apart from their potential application in medicine for the production of antiradiation drugs [54] , polysulfanes are of tremendous importance in agriculture owing to their possession of potent antimicrobial, insecticidal and larvicidal [55] properties that aid both actively growing plants and post-harvest crops in their defence against pests and diseases. In particular, diallyltrisulfide (DATS) and diallyltetrasulfide (DATTS) formed directly as breakdown products of allicin from garlic and also as steam distillates of garlic oil have been shown to be active against various pathogens like Penicillium expansum [56] , which causes post harvest decay of many fruits and produces the carcinogenic mycotoxin, 'patulin'.
While it is known that the activity of diallyl polysulfanes increases with increasing number of sulfur atoms, this is accompanied by increasing hydrophobicity and allicin's antimicrobial properties against H. pylori have been shown to be greater than those of garlicderived polysulfanes [57] . However, Kyung [58] reported that DATTS inhibits the growth of Staphylococcus aureus more than allicin does.
Phytoalexins
Phytoalexins are defined as, "low molecular weight, antimicrobial compounds that are both synthesized by and accumulated in plants after exposure to microorganisms" [59] . Thus, they are produced following the reception of a specific signal and involve the expenditure of plant cellular energy [6] . In recent years, two sulfurcontaining phytoalexins have become increasingly interesting as research targets.
A. Elemental sulfur (S 0 )
Elemental sulfur, S 0 , detected as 32 S 8 by GC-MS, is both a fascinating and a very important constituent of the defence machinery in many plants, active against many critical plant diseases like powdery mildews [60] . It is the only inorganic phytoalexin known, the most widely distributed phytoalexin by taxa, and the first element to be directly linked to disease resistance, as well as the oldest fungicide used by man [61, 62] . Until 1996 [63] , the concept of elemental sulfur as a component of plant defence seemed unlikely despite the use of sulfur and sulfurcontaining compounds in crop protection for many centuries, and notwithstanding Homer's reference to 'pest-averting sulfur with its properties of divine and purifying fumigation' [64, 65] , nearly 30 centuries before. The long-held assumption that only specialised prokaryotes were capable of producing S 0 [66] [67] [68] , and the possible dismissal of S 0 bands in thin layer chromatography plate bioassays as experimental artefacts by many investigators have been identified as probable causes for this [62] .
S 0 plays an established key role in plant defence as exemplified by its detection in representative members of five different plant families namely tomato and tobacco (Solanaceae), cotton (Malvaceae), French bean (Leguminosae), wild cabbage (Brassicaceae), and cocoa (Sterculiaceae). Elemental sulfur's role in induced plant defence was amply demonstrated by its formation (a) in xylem tissue of disease resistant, but not susceptible, cocoa (Theobroma cacao) challenged with the pathogenic vascular fungus Verticillium dahliae [63] , (b) in xylem cut from V. dahliaeinfected, but not control, cotton and tomato, (c) in Fusarium oxysporum-inoculated, but not control, tobacco and French bean xylem; and (d) in the excised xylem of Ralstonia solanacearumchallenged tomato [69] . However, sulfur was not found either in the xylem of V. dahliae-infected strawberry or in the leaves of six plant species including tomato, cabbage, tobacco and French bean hypersensitive to pathovars of Pseudomonas syringae [69] , thus suggesting that it is not produced in all plant species and that its induced response in plants may be xylem-specific. Interestingly, S 0 also participates in constitutive defence as shown by the high toxic amounts of S 0 found in the cotyledons of both control and Hyaloperonospora parasitica-challenged Brassica oleracea (wild cabbage), as well as in uninoculated leaves of Arabidopsis thaliana, Brassicaceae [69] .
The exact mechanism by which S 0 defends plants against pathogens remains unclear, but the most widely accepted theory is that S 0 is able to permeate external fungal hyphae [70, 71] , moving into the cytoplasm where it impairs the mitochondrial electron transport chain, possibly causing the redirection of protons from O 2 to itself, and thus leading to the production of toxic H 2 S [71, 72] . H 2 S production ultimately results in the alteration of oxidative phosphorylation and stops the germination and growth of conidial spores [60, 73] .
Prior to the landmark detection of S 0 formation and participation in plant defence in five economically important plant families [61] , the only recorded production of S 0 in higher plants were (a) the lightdependent formation of S 0 in the presence of sulfate by intact chloroplasts of Spinacia oleracea L., Amaranthaceae [74] , and (b) the constitutive and natural occurrence of S 0 in the epicuticular wax of several gymnosperms and angiosperms, including Pinus sylvestris L., P. mugo Turra, P. radiata D. Don and P. contorta Loudon. It is not unlikely that with the development of newer technologies and more sophisticated equipment, the formation of S° in other plants will be more easily detected and the finer details of its mechanism of action will become clearer, thus increasing current understanding of its role in plant defence.
B. Camalexin
Several sulfur-and nitrogen-containing substances have been reported as phytoalexins from the Brassicaceae. The sulfurcontaining indole-thiazole compound camalexin (3-thiazol-2'-ylindole) is the major phytoalexin of the model plant Arabidopsis thaliana (L.) Crantz. [75] . Camalexin was originally found in Camelina sativa (Brassicaceae) [76] . Tsjui et al. reported in 1991 that infection with Pseudomonas syringae pv. syringae resulted in the accumulation of a phytoalexin and named it "arabilexin" [77] . Also, after infection with Hyaloperonospora arabidopsidis, the accumulation of a UV-fluorescent phytoalexin with similar chromatographic properties to camalexin was observed [78] . Later it became clear that arabilexin and camalexin were the same compound and since camalexin was identified earlier, this name has precedence.
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Figure III:
Camalexin is a derivate from the amino-acid tryptophan that is linked to a thiazole. The sulfur-source is glutathione that is conjugated by glutathione-Stransferases to the camalexin-precursor indole-3-acetonitrile and this highlights the importance of glutathione for secondary metabolite synthesis [35] .
The biosynthetic pathway of camalexin is to some extent understood [31] A series of mutants, impaired in camalexin synthesis (pad mutants for phytoalexin deficient; [36] ) are more sensitive to different pathogens, including biotrophs, necrotrophs and herbivores [36] [37] [38] [39] [40] [41] [42] [43] .
For bacteria it is known that camalexin's toxicitiy is due to disruption of cell membrane [44] . In Alternaria brassicicola, treatment with camalexin results in an induction of genes related to ergosterol and sphingolipid metabolism, which are important compounds of the fungal plasma membrane [16, 45, 46] . Also, in A. brassicicola, it was shown that camalexin induces genes involved in signaling cascades that are known to be part of the response to membrane-and cell-damage [47] . Taken together, the data suggest a contribution of membrane effects also in calamexin's toxicity towards fungi.
In human Jurkat cancer cells, camalexin is able to induce apoptosis by causing accumulation of ROS and activation of caspases 8 and 9 [48] . Thus, one might speculate that camalexin's antifungal activity might also be due to apoptosis-inducing properties (since the mechanisms of apoptosis induction in humans and fungi are similar [49] ). However, to our knowledge, a contribution of apoptosisinduction to camalexin's fungicidial activity has not yet been shown.
Conclusion and future outlook
Unanswered questions abound concerning many sulfur containing secondary metabolites involved in plant defence. For instance, the mechanism of action, precise biogenesis pathway and differential toxicity against true fungi on one hand, and oomycetes and bacteria on the other, are still grey areas concerning elemental sulfur.
It was only recently that studies showed that LF synthase is indeed essential for the production of LF in chopped onion [27] , thus correcting decades of what was a widely accepted pathway. Similarly, the involvement of tryptophan in the biosynthesis of camalexin was only recently established [79] , thus disproving earlier studies that had suggested that tryptophan played no role in camalexin biosynthesis [80, 81] . Some details of the camalexin biosynthetic pathway remain to be elucidated [82] .
There are, therefore, a lot of unknowns in this area of inquiry, as in all science. One certainty however appears to be the ever increasing interest concerning the role of these compounds in plant defence.
